Mutated K-ras is frequently found in human malignancies and plays a key role in many signal transduction processes resulting in an altered gene and/or protein expression pattern. Proteins controlled by a constitutive activated mitogen-activated protein kinase pathway are primarily related to alterations in the mitochondrial and nuclear compartments. Therefore, different K-Ras mutants and respective control cells were subjected to two-dimensional gel electrophoresis using basic pH gradients. This approach led to the identification of differentially expressed proteins, such as members of the heterogeneous ribonucleoprotein family, and enzymes involved in cellular detoxification as well as in oxidative stress. Increased expression of these enzymes was paralleled by an elevated tolerance of K-ras mutants against the cytotoxic potential of hydrogen peroxide and formaldehyde as well as an altered redox status based on enhanced intracellular glutathione (GSH) levels indicating an improved detoxification potential of defined K-ras transfectants, whereas down-regulation by RNA interference of candidate proteins reversed the tolerance against these compounds. This hypothesis is supported by an up-regulated expression of a key enzyme of the pentose phosphate pathway resulting in an increased production of NADPH required for anabolic processes as well as the rebuilding of oxidized GSH. Both the enhanced resistance against xenobiotic compounds as well as an altered oxidative pathway might confer growth advantages for tumor cells carrying dominant-positive K-ras mutations such as in lung or pancreatic adenocarcinoma.
Introduction
The ras proto-oncogene superfamily consists of the four classic members H-ras, N-ras, and K-ras4A and 4B, the latter arising from an alternative splicing of exon 4 (1-4). The Ras proteins are monomeric membrane-associated GTPases regulating cell division, apoptosis, and differentiation processes, which are often deregulated in tumor cells (5, 6) . The importance of this protein superfamily is highlighted by the fact that a significant frequency of ras proto-oncogenes is manifested in human tumors with the highest mutation rates for K-ras occurring in adenocarcinoma of lung (30-40%) and pancreas (90%; refs. 2, 6, 7) . Patients with defined ras mutations in these tumor lesions have a shorter survival, possess a mortality rate of f90%, and share smoking as a common risk factor (8) . K-ras mutations might be induced by xenobiotic compounds such as nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone contained in cigarette smoke. These dominant-positive mutations are accompanied by a loss of the intrinsic GTPase activity and constitutive activation of signal transduction molecules, including the mitogen-activated protein kinase (MAPK) and others, due to an impaired interaction with GTPase-activating proteins. Thus, the signal transduction cascades become uncoupled from extracellular mitogenic stimuli resulting in a variety of uncontrolled cellular processes, such as proliferation due to the activation of a large number of transcriptional regulators and other nuclear proteins. In addition, tumor cells change their metabolic demand towards the need of fatty acids reflected by activation of the fatty acid synthase gene promoter (9) . Although the role of K-Ras in classic signal transduction cascades, such as the MAPK pathway, is well understood, its influence on the expression/activation of proteins involved in gene transcription and metabolism, which are mainly localized in the mitochondrion and nucleus, has not yet been analyzed in detail.
To elucidate the pleiotropic effect of constitutive active K-ras expression on nuclear and mitochondrial proteins, proteome analysis represents a powerful tool to compare the protein expression profiles of K-Ras mutants, wild-type (Wt) K-Ras, and untransformed control cells. For an optimal resolution of alkaline proteins, a combined enrichment strategy of the basic proteome followed by classic two-dimensional gel electrophoresis (2-DE) with basic Immobiline pH gradient (IPG) strips covering the pH range from 6 to 11 was chosen. This approach led to the identification of several nuclear proteins, including many members of the heterogeneous ribonucleic protein family (hnRNP). In addition, an increased expression of major components involved in the detoxification of formaldehyde as well as reactive oxygen species (ROS) has been detected and functionally analyzed about their contribution to the metabolism of these toxic compounds. The findings suggest that Ras signaling may either directly or indirectly result in an enhanced activation of stress-responsive, antioxidative, and detoxification processes in tumors carrying activating ras mutations.
Materials and Methods
Cell lines, cell culture, and transfection. The parental murine NIH3T3 fibroblast cell line was purchased from the American Type Culture Collection. The generation and characteristics of the K-Ras-transformed fibroblasts and respective controls have been recently described in detail (10) . The mock-transfected cells carry the empty vector control; Wt K-Ras fibroblasts carry an expression vector for the Wt K-ras gene, whereas two cell lines overexpress mutant K-ras with the amino acid substitutions G12V and G13D, respectively. All cell lines were maintained as previously described (10) .
Sample preparation and two-dimensional gel electrophoresis. To enrich alkaline proteins, a slightly modified protocol of Görg and colleagues (11, 12) was used. Briefly, cell pellets were resuspended in 200 AL ice-cold lysis solution [10% (v/v) trichloroacetic acid/20 mmol/L DTT in acetone] and disrupted by sonication on ice. Proteins were precipitated with additional 1.2 mL lysis solution at À20jC for f16 h. The sample was centrifuged for 30 min with 14,000 Â g at 4jC. The precipitate was resuspended in 200 AL acetone/DTT solution (20 mmol/L DTT in acetone), sonicated again, and centrifuged for 30 min with 14,000 Â g at 4jC. After washing, the protein pellet was air dried and then solubilized in 500 AL lysis buffer [7 mol/L urea, 2 mol/L thiourea, 0.2 mol/L dimethylbenzylammonium propane sulfonate (NDSB, ICN Biomedicals GmbH), 1% (w/v) DTT, 4% (w/v) CHAPS, 2% IPG buffer pH 6-11 (Amersham Biosciences) supplemented with traces of bromophenol blue]. The protein concentration was determined by the method of Bradford as described previously (13) .
After rehydration of Immobiline DryStrips pH 6 to 11 (18 cm; Amersham Biosciences) with 340 AL DeStreak solution (Amersham Biosciences) overnight, 100 or 500 Ag protein lysate/sample was applied by anodic cup loading for analytic and preparative gels, respectively. Focusing was performed on an Ettan IPGphor unit (Amersham Biosciences) until 23,000 Vh were reached. Separation in the second dimension was performed by SDS-PAGE in a Dodeca cell system (Bio-Rad). Gels were run overnight at 10jC until 1,800 Vh were reached as described previously (10) .
Staining and image analysis. Silver staining of the gels was performed according to the protocol of Shevchenko and colleagues (14) . Preparative Coomassie gels were stained according to Neuhoff and colleagues (15) . Stained gels were recorded with a UMAX PowerLook III scanner and subsequently analyzed using the Proteomweaver software package version 3.1 (Bio-Rad) according to the manufacturer's instructions. Spot patterns were first normalized for pattern recognition with a prematch normalization algorithm and subsequently numerically normalized by a pair-matched normalization algorithm that computes a normalization factor for every gel in the analysis set resulting in a residual average error between 1.01 and 1.1. Proteins with at least 2-fold altered expression levels in transformants compared with control cells or displaying a unique protein expression restricted to either transfectants or control cells were considered as differentially expressed. The selected protein spots were statistically analyzed by the Student's t-test. In parallel, the regulation of spot patterns was also monitored by direct visual inspection in all of the gel images.
In-gel digestion and mass spectrometric analyses. The excised protein spots from silver gels were destained and digested according to Gharahdaghi and colleagues (16) . Protein spots from preparative gels were processed as previously described (13) . Tryptic digests were cocrystallized with an equal volume of matrix solution [10 mg/mL a-cyano-4-hydroxy cinnamic acid (Bruker); 50% (v/v) acetonitrile/0.1% (v/v) trifluoroacetic acid] and analyzed by matrix-assisted laser desorption/ionization timeof-flight mass spectrometry (Voyager-DE PRO Biospectrometry Workstation, Applied Biosystems). Protein identifications were performed by matching the peptide masses against the nonredundant Swiss-Prot database using the MASCOT 3 and/or the ProFound 4 search engine. Molecular weight (M r ) and isoelectric point (pI) of identified proteins were subsequently compared with experimental values obtained from 2-DE image analyses.
RNA isolation and real-time quantitative reverse transcription-PCR. Total cellular RNA was isolated using the RNeasy Mini Kit (Qiagen) as previously described (17) . Residual genomic DNA was digested with DNase I (Invitrogen) followed by transcription of 0.5 Ag total RNA into cDNA using the Revert H Minus First Strand cDNA Synthesis Kit (MBI Fermentas) and oligo(dT) 18 primer according to the manufacturer's instructions. Comparative quantification of gene expression was performed as previously described (10) . The target-specific primers are listed in Supplementary  Table S1 .
Measurement of cytotoxicity. Cells (5 Â 10 3 per well) were seeded in 96-well plates. After 12 h, the seeded cells were treated with 100 Amol/L hydrogen peroxide or 200 Amol/L formaldehyde, respectively. In parallel, 5 Â 10 3 cells per well were seeded in 96-well plates and left untreated. The amount of dead cells was determined by the measurement of the lactate dehydrogenase (LDH) activity using the CytoTox96 Non-Radioactive Cytotoxicity Assay (Promega) according to the manufacturer's instructions. Measurement of cytotoxicity was calculated according to the ratio of experimental LDH release/maximum LDH release. Normalization was performed against the cytotoxicity of the respective untreated sample.
Determination of glutathione levels. For the determination of the redox balance, 1 Â 10 6 cells were seeded in 145-mm Petri dishes, grown for 48 h, and then harvested. The cells were washed twice with PBS, resuspended in 100 AL PBS, and subsequently lysed by repetitive freezing and thawing. The glutathione (GSH) content was determined using the GSH/oxidized GSH ratio Kit (Calbiochem) according to the manufacturer's instructions. The respective GSH levels were normalized against total cellular protein, which was determined with the bicinchoninic acid Kit (Pierce) after washing the precipitated cell lysates with PBS, and subsequently neutralized with 0.5 mol/L NaOH solution for 30 min. GSH content is expressed as nmoles GSH/Ag total protein.
Determination of caspase activity. For the analysis of the caspase activity, 1 Â 10 4 cells per well were seeded in 96-well plates; after 12 h, cells were treated with 100 Amol/L H 2 O 2 according to the procedure for the cytotoxicity measurement. After treatment, the profluorescent rhodamine substrate Z-DEVD-rhodamine 110 (Promega) was added in a 1:1 ratio to the medium. The assay was incubated for 90 min at room temperature with vigorous shaking. Caspase-3/7 activity was determined by monitoring the release of rhodamine R110 using a fluorescence scanner (Tecan) with the excitation wavelength set to 485 nm and the emission wavelength set to 535 nm.
Inhibition of catalase and esterase D gene expression by small interfering RNA. The small interfering RNA (siRNA) sequences targeting catalase (accession no. NM_009804, GGGATGCCATATTGTTTCCATCCTT) and esterase D (accession no. NM_016903, TGATGGCCAGTCATTAAGATT) mRNA were constructed and synthesized using Invitrogen (catalase) and MWG (esterase D) siRNA facilities. An unspecific, nonsilencing siRNA (Invitrogen) was used as transfection control. siRNA transfections were performed using the HiPerFect transfection reagent (Qiagen) according to the manufacturer's instructions. Briefly, 8 Â 10 4 cells per well were seeded in a six-well plate. After 24 h, wells were transfected with siRNA and then incubated at 37jC. After 48 h, the transfection procedure was repeated and cells were incubated for additional 48 h. The cytotoxic effects of H 2 O 2 and formaldehyde were analyzed as described before.
Results
Different protein expression pattern induced by K-Rasmediated transformation. To elucidate changes in the nuclear/ mitochondrial proteome, an established in vitro model system of K-Ras-transformed murine fibroblasts (10) was analyzed by classic 2-DE using IPG strips spanning the pH range from 6 to 11 in the first dimension and 13% SDS-PAGE in the second dimension followed by silver staining of the gels for protein visualization. Protein spots reaching the alkaline end of the strip indicated a proper resolution of the basic proteome part. To ensure the reproducibility of the protein expression patterns, at least triplicates/cell line and from two independent experiments were subjected to image analyses. Quantification of protein expression levels was carried out with the Proteomweaver software package leading to the detection of an average of 650 spots per gel ( Supplementary Fig. S1 ). Protein spots were considered as differentially expressed if the ratio of the average intensities between K-ras transfectants and control cells exhibited an at least 2-fold change (i.e., z2.0 or V0.5). Quantitative expression data of the differentially expressed proteins identified can be found in Table 1 . Corresponding protein spots with significant changes in their staining areas were excised and subjected to proteolytic digestion with trypsin followed by peptide mass fingerprinting resulting in the identification of several candidate targets.
As shown in a representative comparison of five protein targets in the parental cell line and the G12V mutant ( Fig. 1 ) and summarized in Table 1 , this approach led to the identification of a set of 29 up-regulated or down-regulated proteins in K-Ras transformants versus control cells. In contrast, the various K-ras transfectants exhibited a similar overall spot pattern. This experimental strategy allowed the detection of extremely basic proteins such as the small ribonucleoprotein B, members of the heterogeneous group of ribonucleoproteins such as hnRNPA1 and hnRNPB1, and enzymes involved in cellular detoxification (esterase D) and oxidative stress (i.e., catalase; Table 1 ).
Validation of heterogeneously expressed proteins on K-Ras transformation. To validate the differential protein expression pattern, quantitative reverse transcription-PCR (qRT-PCR) analyses of five randomly selected target genes, catalase, biglycan, cyclophilin B, hnRNPA1, and snRNPB, were performed. The results show that the mRNA expression pattern of these genes is comparable with that of the protein expression profile. Thus, the differential protein expression pattern detected by the 2-DE approach in K-Rastransformed versus untransformed control cells was confirmed at the transcriptional level (Fig. 2) .
Enhanced detoxification of K-ras transfectants against formaldehyde. The increased expression of esterase D in the K-Ras mutants G12V and G13D led to the hypothesis that these K-Ras transformants possess an enhanced tolerance against formaldehyde because this enzyme is involved in a major metabolic pathway for formaldehyde detoxification. Therefore, the influence of formaldehyde on the survival of K-Ras transformants and The differentially expressed proteins identified are listed with their regulation, cellular localization, and function. The regulation factors were calculated with the Proteomweaver 3.1 software. The ratio represents the expression level of a specific protein spot in the respective transfectant versus the parental cell line as n-fold change of up-regulation (+) or down-regulation (À). The t test value is given as well as the coefficient of variation calculated as the variance of the spot intensities. Abbreviations: CV, coefficient of variation; 0, not expressed; n.a., not available; ER, endoplasmic reticulum; ARE, androgen response element. *ProFound searches. For ProFound searches, scores >1.645 are significant (P < 0.05). For Mascot searches, scores >54 are significant (P < 0.05).
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Cancer Res 2008; 68: (24) . December 15, 2008 respective controls was analyzed using various concentrations of this xenobiotic compound. As shown exemplarily for the NIH3T3 and G12V cell lines in Fig. 3A , an increased cell death of parental cells, mock controls, and cells overexpressing the Wt K-ras gene when compared with K-ras mutants was detected upon treatment with 200 Amol/L formaldehyde. These morphologic alterations were reflected by cytotoxicity analyses, suggesting that mutant K-ras overexpression protected the cells against the toxic influence of formaldehyde. In this approach, the control cell lines showed at least a 2.5-fold increase of cytotoxicity compared with the respective untreated sample, whereas only a marginal or modest cytotoxicity in the G12V (1.04-fold increase) and G13D (1.32-fold increase) mutants was observed (Fig. 3B) . To ensure the involvement of esterase D in the resistance of G12V and G13D cells against this xenobiotic compound, the esterase D expression levels were selectively suppressed by RNA interference in the respective cell lines. Before, tolerance levels against formaldehyde treatment were determined. Indeed, siRNA-mediated inhibition of esterase D led to a significantly increased sensitivity of G12V and G13D transformants to formaldehyde treatment when compared with samples transfected with unspecific siRNA (Fig. 3C) . It is noteworthy that esterase D siRNA-transfected Wt K-ras cells lack increased sensitivity to formaldehyde when compared with their control sample. The esterase D siRNA-transfected G12V and G13D cells exhibited a sensitivity to formaldehyde comparable with that of control cells transfected with unspecific siRNA. These results clearly show that oncogenic K-ras mediates an enhanced tolerance against formaldehyde by the up-regulation/induction of esterase D expression. Elevated redox balance of K-ras-transfected cells. The detoxification pathway via esterase D requires GSH, which also can mediate tolerance and/or resistance against ROS as substrates of the GSH peroxidase. Based on this assumption, it was analyzed whether these phenomena were associated with altered intracellular GSH levels. The enhanced presence of redox equivalents, such as NADPH, by an activated pentose phosphate pathway might control the redox status, which is represented by the intracellular GSH level. Indeed, significantly elevated GSH levels of 85 F 10 and 122 F 34 nmoles/mg protein were found in the K-Ras mutants G12V and G13D, whereas in the parental NIH3T3 cells and in the mock transfectants the GSH levels did not exceed 25 F 6 and 29 F 6 nmoles/mg protein, respectively. It is noteworthy that the Wt K-ras transfectants also exhibited a considerable increase of the intracellular GSH concentration to 62 F 5 nmoles/mg protein (Fig. 4) .
Enhanced detoxification and apoptosis resistance of K-ras transfectants against ROS. Based on the fact that GSH plays a key role in nonenzymatic as well as enzymatic defense processes against ROS and that catalase expression is up-regulated upon K-ras transformation, an increased tolerance against ROS might be postulated in the different K-Ras mutants. Therefore, the cellular response of the different K-Ras-transformed cells and respective controls against hydrogen peroxide (H 2 O 2 ) was analyzed using microscopy and the LDH activity assay.
Treatment with 100 Amol/L H 2 O 2 caused significant morphologic changes of parental cells and mock controls indicating loss of cell viability after 7 hours, whereas under the same conditions the G12V as well as the G13D cell lines were more resistant to this treatment (Fig. 5A) . The H 2 O 2 -mediated cell death was confirmed by an at least 6-fold increased cytotoxicity in NIH3T3 cells and mock controls compared with the less pronounced toxic effect on the oncogenic K-ras-expressing cell lines G12V and G13D (2-to 3-fold; Fig. 5B ).
To determine if the observed up-regulation of catalase expression is a responsible factor for the resistance against ROS, we analyzed the tolerance levels against H 2 O 2 treatment in the cell lines with catalase expression levels selectively suppressed by RNA interference. Indeed, transfection with siRNA against catalase led to a significant increase in H 2 O 2 -mediated killing when compared with the sample treated with unspecific siRNA (Fig. 5C ). This result shows that up-regulation of catalase expression is one mechanism how transformed cells enable increased resistance against ROS. The enhanced tolerance against both H 2 O 2 and formaldehyde raised the question whether the observed cytotoxic effect in nontransformed cells is associated with apoptotic processes that involve the irreversible damage to cellular constituents through caspase activation (18) . To test this possibility, cells were left untreated or treated with H 2 0 2 and formaldehyde followed by incubation with the profluorescent Z-DEVD-rhodamine 110 substrate. The catalytic activity of the two effectors, caspase-3 and caspase-7, was determined by measuring the fluorescence of the cleavage product. In the presence of 100 Amol/L H 2 O 2 , the caspase-3/7 activity was 8-to 11-fold elevated in parental, mock, and Wt K-ras-transfected cells in comparison with the untreated cells, whereas the enzymatic activity was only 2-to 3-fold enhanced in the two K-ras mutants (Fig. 5D ). It is noteworthy that an altered caspase activity in cells treated with formaldehyde was not observed (data not shown).
Discussion
Thus far, classic 2-DE proteome analyses covering the pH range of 4 to 7 have been implemented to identify ras-regulated proteins in H-ras-transformed as well as K-ras-transformed cell lines (10, 19, 20) . However, this experimental strategy is not suited to cover all changes in the protein expression pattern. In particular, nuclear and mitochondrial proteins mainly represented in the alkaline pH range would not be detected by this approach. Thus, the aim of this study was to analyze the protein expression pattern in these subcellular compartments using 2-DE-based proteome analyses covering the alkaline pH range. As an experimental strategy, an enrichment of alkaline proteins (11) combined with the implementation of hydroxyethyldisulfide in the rehydration buffer for the first dimension was chosen. As expected, most of the differentially expressed proteins identified were indeed localized in the nucleus or in mitochondria, respectively (Table 1) . These data confirm the mathematical predictions from Ho and colleagues (21) about the Figure 2 . Validation of representative differentially expressed proteins by qRT-PCR. Equal amounts of total RNA from untransformed and K-Ras-transformed NIH3T3 cells were reverse transcribed and amplified as described in Materials and Methods using the oligonucleotide primer sets listed in Supplementary Table S1 . The mRNA levels were normalized to h-actin mRNA levels. The NIH3T3 parental cells are set to 1. The results are expressed as mean of three independent experiments. representation of these subcellular proteomes in the basic pH range.
Validation of altered targets by qRT-PCR confirmed in general their differential expression pattern in K-Ras transformants. However, it is noteworthy that the differences at the transcription level were not as prominent as those obtained at the protein level (e.g., for catalase). These data are in line with recent studies describing that differences in protein concentrations are only partially attributable to variable mRNA levels but rather due to posttranscriptional regulations (22, 23) .
The differentially expressed proteins detected in K-Ras transformants mainly represent metabolic enzymes, proteins involved in detoxification processes, as well as various members of the hnRNP protein family, thereby giving insights into the cellular pathways contributing to this process. Several other groups analyzed global gene expression changes mediated by Ras transformation or the MAPK pathway (19, 20, (24) (25) (26) (27) (28) (29) . The upregulation of triosephosphate isomerase, pyruvate kinase M2, esterase D, and annexin I is in line with the results of the proteome analyses of in vitro models of the H-Ras-mediated transformation of murine fibroblasts (20, 26, 28) . The comparative analysis of the K-Ras expression profile to that of the transcriptome pattern of H-Ras-transformed and K-Ras-transformed ovarian cell lines revealed three shared target structures, which include biglycan, triosephosphate isomerase, and the proteasome subunit p42 (25) . Candidate markers were similarly regulated in both transcriptome and proteome analyses. This restricted low level of overlap can be explained by the technical limitation of the two techniques. The up-regulation of glycolytic enzymes (i.e., triosephosphate isomerase and pyruvate kinase M2) is in line with a metabolic profiling study in K-Ras-transformed cells describing an increase of anaerobic glycolysis when compared with the nontransformed fibroblasts (30) . Furthermore, increased expression of the pyruvate kinase M2 may be considered as proof of principle for the oncogenic transformation as this enzyme is overexpressed in a variety of tumor entities (31) .
The high amount of differentially expressed nuclear proteins underlines the benefit of using alkaline IPG strips to determine the influence of an uncoupled signal transduction on nuclear proteins such as transcription factors. The influence of K-Ras on the gene expression is directly reflected by altered expression profiles of hnRNP family members as well as other nuclear proteins involved in transcriptional processes, such as the splice factor 3A and the small ribonucleoprotein B. hnRNPs play key roles in tumor development and progression (32) , which is in line with the hnRNP D0 up-regulation upon ras overexpression. The mitochondrial proteome is represented by enzymes of the tricarboxylic acid cycle as well as by components of important metabolic pathways such as acetyl-CoA acetyltransferase. Furthermore, many proteins involved in the redox/detoxification status of cells as well as in cellular detoxification were up-regulated upon ras transformation, including esterase D, catalase, and 6-phosphogluconate dehydrogenase. These differentially expressed proteins may reflect an improved detoxification potential of K-ras-transfected fibroblasts versus nontransformed control cells. This hypothesis was tested by cytotoxicity assays upon exposure to H 2 O 2 and formaldehyde, which is metabolized by esterase D. Indeed, the elevated expression of these redox/detoxification enzymes seems of functional relevance. In addition, the involvement of up-regulated esterase D expression in the enhanced resistance of K-ras-transfected fibroblasts was shown by silencing of esterase D expression with specific siRNA in these cells. Interestingly, we could not detect a significant increase to formaldehyde-mediated cytotoxicity in esterase D siRNA-transfected Wt cells. This result might be explained by the unaltered expression level of esterase D in this cell line compared with control cells, suggesting the induction of other detoxification strategies for this xenobiotic compound by proto-oncogenic K-ras. Furthermore, overexpression of proteins involved in antioxidative and detoxification pathways has been also described in HER-2/neu + tumors when compared with HER-2/ neu À tumors (33) . Thus far, the toxicity against formaldehyde has been largely overlooked (34) . Taking into consideration that humans are chronically exposed to this toxic compound from environmental sources (e.g., cigarette smoke), the higher tolerance against formaldehyde might be a growth advantage for transformed cells (e.g., hyperplastic and/or neoplastic cells of the lung). Several studies on different patient cohorts observed an enhanced frequency of ras mutations in lung tumor lesions of smokers (35) (36) (37) . Our data further suggest that smoking selects hyperplastic cells of the lung by inducing point mutations in the K-ras gene resulting in an enhanced formaldehyde metabolism. Despite the lower tolerance of control cells against formaldehyde, an enhanced caspase activity was not observed. This might be explained by the cross-linking activity of formaldehyde in proteins (38) causing an inactivation of caspases. This major degradation pathway for formaldehyde involves spontaneous formation of S-formyl GSH and its subsequent hydrolysis catalyzed by esterase D. Therefore, the enhanced tolerance to this xenobiotic compound might be explained by the observed up-regulation of esterase D and an increased GSH level. Indeed, higher intracellular GSH levels reflecting a better detoxification status were found in K-Ras mutants compared with control cells. This is in accordance with a recent publication describing that the pentose phosphate pathway influences the redox balance in brain metastasis derived from breast tumors (39) .
The increased GSH levels in ras-transfected cells suggest also an enhanced defense against ROS. In fact, the cell lines G12V and G13D showed a decreased cytotoxic response to H 2 O 2 compared Figure 5 . Reduced cytotoxicity of H 2 O 2 in K-Ras transformants. A, cell death on treatment with H 2 O 2 . The morphology of NIH3T3 and G12V cells, either left untreated or treated with 100 Amol/L H 2 O 2 for 4 h, was determined with a phase-contrast microscope using a magnification of 100-fold. B, determination of the cytotoxicity of H 2 O 2 . The different K-ras transfectants and control cells were either left untreated or treated with 100 Amol/L H 2 O 2 for 8 h at 37jC before the cytotoxicity assay was performed as described in Materials and Methods. The levels of cytotoxicity were normalized to respective untreated cells. The graph represents the mean of three independent experiments carried out in triplicate. C, suppression of catalase expression by siRNA inhibits resistance to H 2 O 2 -mediated cell killing in G12V and G13D cells. Cytotoxicity of the cell lines after treatment with 100 Amol/L H 2 O 2 . Black columns, cytotoxicity of cells transfected with unspecific siRNA; white columns, cytotoxicity of the cell line after transfection with catalase-specific siRNA. The graph represents the mean of three independent experiments carried out in triplicate. D, resistance to H 2 O 2 -induced apoptosis in murine fibroblasts expressing oncogenic K-ras . Cells (1 Â 10 4 per well) were seeded into 96-well plates. After 12 h, cells were either left untreated or treated with 100 Amol/L H 2 O 2 . After 8 h, caspase activity was determined by adding the Z-DEVD-rhodamine 110 substrate to each well as described in Materials and Methods. The results are expressed as mean of three independent experiments carried out in triplicate.
with controls. The increased resistance to reactive oxygen radicals might be considered as a prerequisite for the oncogenic transformation process because several groups showed the influence of ROS on characteristic features of oncogene-transformed cells. Mitsushita and colleagues (40) could demonstrate that oncogenic Ras up-regulates the expression of Nox1, a homologue of the superoxide-generating NADPH oxidase, leading to increased ROS generation that perturbs the growth control. Other groups showed the requirement of ROS for the maintenance of the transformed phenotype (41, 42) . Beside the GSH-based detoxification of ROS, the observed up-regulation of catalase provides an additional explanation for this finding. Indeed, inhibition of catalase expression with siRNA resulted in a significant increase of cellular cytotoxicity to H 2 O 2 in G12V and G13D fibroblasts. Furthermore, measurements of the caspase-3/7 activities showed an apoptosis protection of the G12V and G13D transformants. The tolerance of our in vitro model system against ROS is in accordance with observations found in a H-Ras-transformed ovarian carcinoma cell line, suggesting a common mechanism for tumor cells to evade apoptosis induced by oxidative stress (19) .
In summary, the use of alkaline 2-DE-based proteome analyses led to the discovery of molecular players directly involved in the regulation of gene transcription as well as the identification of an altered detoxification status in oncogene-transformed cells.
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